1.
First, we create the dataset of all interesting structures for further screening calculations.
The structures are taken from the originally reported systems as well as the analysis of different group-15 and 16 compounds available in Materials Project database 1 . Here, our analysis is limited only to the binary structures containing P, As, N, O, S, and Se. The schematic illustration of the isolation of possible low-dimensional structures is shown in Figure S1 . For 0d-P x O y , our dataset is limited to 0d-P 4 O 6 , 0d-P 4 O 7 , 0d-P 4 O 8 , 0d-P 4 O 9 , 0d-P 4 O 10 isolated directly from bulk structures available in Materials Project database as well as 0d-P x O y structures generated from bulk As 4 S 3 , AsS, As 8 S 9 , etc. For 2d-P x O y , based on preliminary analysis, we use blue and black phosphorene, layered P 4 O 10 structure, two P 4 O 6 structures received by replacement of isovalent elements in As 2 Se 3 and As 2 O 3 structures. In addition, we also use 2d-P 4 O 1 , 2d-P 4 O 2 , 2d-P 4 O 3 , 2d-P 4 O 4 , and 2d-P 4 O 10 reported by Ziletti et al. 2 Other forms of phosphorene oxides reported before are only used for comparison due to their instability. Figure S1 . Schematic illustration for the isolation of different 0d building blocks from bulk As 8 S 9 structure and formation of 0d-P x O y structures by replacements of isovalent elements.
2.
For each structure in the dataset, we consider oxidation and reduction (see Fig. 1 ) to form a sequence of P x O y structures for all considered concentration range. For reduction, we consider remove of each unique O atom. For oxidation calculations, we screen different adsorption configurations based on a random location of O atoms. In general, we generate over 500 structures for each system, which were further reduced to about 10-100 unique structures using structure matcher developed within pymatgen. 3 For simplicity, let us give an illustration for 0d-P 4 O 6 . Based on step-by-step oxidation of 0d-P 4 O 6 , we predict 0d-P 4 O 7 , 0d-P 4 O 8 , 0d-P 4 O 9 , 0d-P 4 O 10 , and 0d-P 4 O 11 . However, since the only the oxidation cannot provide sufficient information on structure stability, we also perform step-by-step reduction of 0d-P 4 O 11 to 0d-P 4 O 6 . Based on this, we find that both the oxidation of 0d-P 4 O 6 and the reduction of 0d-P 4 O 11 can give the same structures for the intermediate region (see Fig. S2 ). To predict 0d-P 4 O 1 , 0d-P 4 O 2 , 0d-P 4 O 3 , 0d-P 4 O 4 , and 0d-P 4 O 5 structures, we performed step-by-step reduction of 0d-P 4 O 6 . We use P 4 cluster obtained from the reduction of 0d-P 4 O 1 for the step-by-step oxidation.
We can reproduce all key structure based on the oxidation of P 4 cluster. However, during the screening calculations, we find 0d-P 4 O 2 and 0d-P 4 O 4 structures having higher stability than the corresponding structures found from the step-by-step reduction of 0d-P 4 O 6 . To ensure that the found lowest energy structures cannot stabilize other more stable 0d-P 4 O y structures, we performed both new step-by-step oxidation as well as step-by-step reduction of the lowest energy 0d-P 4 O 2 and 0d-P 4 O 4 structures. Since no lower energy structures can be found during both step-by-step oxidation and reduction of 0d-P 4 O 4 and 0d-P 4 O 2 , we finish the screening calculations of 0d-P 4 O y . Figure S2 . Schematic illustration of screening calculations used for the search of the lowest energy 0d-P x O y structures. Green and yellow arrows represent oxidation and reduction.
3.
All found lowest energy 2d-P x O y structures are used for BOMD simulations. as implemented in pymatgen. 3 k-path of the low-symmetry triclinic phase was used for all 2d-P x O y structures. 
